Abstract: Materials design for processing and application requires fundamental understanding of their properties based interatomic interaction. The use of the novel concept of total bond order density (TBOD) as a single quantum mechanical metric to characterize the internal cohesion of a crystal and correlate with the calculated physical properties is particularly appealing. This requires detailed first-principles calculation of the electronic structure, interatomic bonding and related properties. In this article, we use this new concept and apply it to chalcogenide crystals based on data obtained from 25 crystals: Ag2S, Ag2Se, Ag2Te, As2S3, As2Se3, As2Te3, As4Se4, Cu2S, Cu2Se, Cu2Te, Cu4GeS4, Cu2SnS3, Cu2SnSe3, GeS2, GeSe2, Ge4Se9, Sb2S3, Sb2Se3, Sb2Te3, SnS, SnSe, CdSe, CdTe, ZnSe, and ZnTe. Together with the calculated optical and mechanical properties, we demonstrate the efficacy of using this novel approach for materials design that could facilitate the exploration and development of new chalcogenide crystals and glasses. Moreover, the TBOD and its partial components (PBOD) could be the key descriptors in machine learning protocol for broader scale design when a large database is available.
Fig. 1. The electromagnetic spectrum and active area of the chalcogenides.
The Cu-related chalcogenides have been investigated by several groups. Some of these crystals have very small or zero band gap. The Eg for Cu2Te was reported by Premkumar et al [43] to be 0.0 eV and DFT calculations by Rasander et al. [44] on Cu2Se gave Eg = 0.47 eV. Shigemi et al. showed that Cu2SnS3 and Cu2SnSe3 crystals have Eg of 0.88 eV and 0.34 eV respectively [45] . For other chalcogenide crystals, Blaineau et al. reported Eg for GeS2 glass to be 3.27 eV [46] . On the other hand, Fuentes-Cabrera et al. [47] , calculated Eg of crystalline GeSe2 to be 1.612 eV. Experimental studies [48] [49] [50] [51] on Ge30Se70, Ge17Se83, Ge10Se90, and Ge14Se86 glasses assigned their Eg and n to be (1.95, 1.78, 1.85, and 1.82 eV) and (2.26, 2.59, 2.69, and 2.60) respectively. The Eg for Sb2S3, Sb2Se3 and Sb2Te3 crystals were reported to be 1.18 eV, 1.07 eV and 0.09 eV respectively [52] , [53] . For SnS and SnSe crystals, Guo et al. [54] reported their Eg to be 1.05 eV and 0.78 eV respectively. M.
Safari et al. [55] reported Eg for CdSe, CdTe, ZnSe, and ZnTe crystals to be 0.63 eV, 0.758 eV, 1.276 eV, and 1.27 eV respectively. We also found that computational studies of mechanical properties on chalcogenide crystals and glasses are quite limited despite their importance in device performance. A few older publications include amorphous GeS2 [56] and amorphous GeSe2 [57] reporting calculated values of Young's modulus, Shear modulus and Poisson's ratio.
In the present work, we have studied 25 binary and ternary chalcogenide crystals between atoms of Cu, Ag, Cd, Zn, Ge, Sn, As, and Sb and chalcogene elements (S, Se, Te). They are listed in Table 1 and their crystal structures are sketched in Fig. S1 in the supplementary Information (SI).
In the following, we first briefly describe the methods used in the calculation. This is followed by the main section on the results and discussion. Detailed calculations of the electronic structure, optical and mechanical properties for these 25 chalcogenide crystals in a single paper are of considerable challenge and have not been attempted before. Such comprehensive study enables us to make meaningful correlations among different properties in getting a big picture especially in relation to a single quantum mechanical metric, the total bond order density (TBOD). The paper ends with a brief conclusion and our vision for the study of chalcogenide crystals and glasses.
Materials and Methods
Two density functional theory (DFT) based on methods have been used in this study: Vienna Ab initio simulation package (VASP) [58] and the orthogonal linear combination of atomic orbitals (OLCAO) method [59] . VASP is used to optimize the crystal structures and calculate the mechanical properties. We used the PBE-GGA potential [60] for the exchange and correlation potential with an energy cutoff of 600 eV and sufficient number of k-points for each crystal. For small crystals such as Cu2Te, a dense k-points (3×5×3 mesh) is used and for large crystals such as Cu2S, a smaller k-point mesh or just the Γ point in the Brillion zone are adopted using standard Monkhorst scheme [61] The electronic and ionic force convergence criteria are set at 10 -6 eV and 10 -4 eV/Å respectively.
For the electronic structure and optical properties calculations, we use the OLCAO package which was developed in-house with the VASP-relaxed crystal structure as input. With atomic orbitals used in the basis expansion, the OLCAO method is particularly effective to calculate the electronic structure and interatomic bonding for both crystalline and non-crystalline materials especially those with complex structures [62, 63] . For interatomic bonding, a more localized minimal basis (MB) used based on Mulliken scheme [64] . Eq. (1) and (2) show the formulae for effective charge * and bond order (BO) values, or the overlap population between any pair of atoms (α, β).
In the above equation, Siα.jβ are the overlap integrals between the i th orbital in α th atom in the j th orbital in β th atom. to assess the internal cohesion of the crystal. It can be conveniently decomposed into partial components or the partial bond order density (PBOD) for any structural units or groups of bonded atoms. The details for the calculation of interatomic bonding, optical and mechanical properties are described in the supplementary materials (SI). As4Se4 have ID gaps while the crystals Cu4GeS4, GeX2 (X = S, Se), Sb2S3, SnX (X = S, Se), Ge4Se9, Cu2X (X = S, Se), CdX (X = Se, Te), and ZnX (X = Se, Te) have direct gaps.
Results and Discussion
The following results on band gaps can be compared with other existing calculations as already mentioned in the Introduction. They are widely scattered, using different methods, approaches and potentials. Some more recent calculations are described below to compare with our calculations using OLCAO method. Since different approaches and methods are used, considerable variations are expected. To be systematic, our discussion follows the same sequence for the 25 crystals as listed in Table 1 and 2. Suarez et al. reported calculations of copper, silver and gold sulfide [74] . The Eg for Ag2S lies between 0.70 -1.15 eV compared to our value of 0.823 eV. Sharma et al [75] investigated the electronic, optical and transport properties of α-and β-phases of arsenic telluride. The Eg for ⍺-As2Te3 was for 0.480 eV, slightly less than our value of 0.627 eV. Xu et al. [76] used hybrid functional (HSE) potentials to report Eg for monoclinic phase of Cu2S to be 1.39 eV, much larger than our Eg of 0.299 eV. Romdhane et al. [67] used the same VASP code with GGA functional getting Eg = 0.2 eV. After GW correction, a much larger Eg of 0.9 eV is obtained. This is expected since GW correction generally increases the band gap using DFT. Peng et al. [77] eV [86] respectively.
The comparative results described above are all listed in Table 2 with the references cited. It should again be stressed that in this work, the calculation on the 25 crystals using the same method and potential can provide meaningfully correlations of the results.
Interatomic bonding
One of the most useful results from the OLCAO calculation is the interatomic bonding between every pair of atoms in the crystal and their bond order (BO) values which signifies the strength of the bond. By dividing the sum of all BO values by the volume of the cell, we get the total bond order density (TBOD), a single parameter to assess the internal cohesion and strength of the crystal [91] . The TBOD concept is particularly useful in the present case since the data from 25 crystals over a variety of bonding configurations in different crystal types can be compared. In Fig. 2 , we plotted the distribution of BO vs bond length (BL) for all atomic pairs in all 25 crystals. Obviously, this is a very busy figure that cannot reveal any pertinent details to draw useful conclusions other than the general observation that BO usually scales with the BL. There are 36 different types of bond pairs and the BO vs BL in each pairs can vary significantly. To dig out more details for specific trends related to each atomic species and the crystal structure they belong, we divide them into 10 groups as shown in the insects of The BO vs BL plots of these 10 groups are displayed in Figs. S9, S10 and S11 from (a) -(j) using the same scales for x-and y-axis as in Fig.2 . Such detailed plots disentangle the complexity of Fig. 2 and provide new insights which are separately discussed in the first section in SI.
The TBOD is a single quantum mechanical metric obtained from the electronic structure calculations characterizing the internal cohesion of the materials based on their interatomic interaction (BO) and the equilibrium structure (volume). Thus the TBOD for each crystal is determined by strength of the bonds it contains and the equilibrium structure of the crystal. The highest TBOD in the 25 crystals is Cu2Te followed by Cu2S and the lowest TBOD is from CdTe closely followed by Sb2Te3 and As2Te3 (see Table 2 ). In Fig. 3 we display the TBOD for the 25 crystals in the sequential order as designated earlier for Table 1 . They can be roughly divided into 8 groups according to the element A in the crystal formula (Ag, As, Cu, Ge, Sb, Sn, Cd and Zn) as indicated by the horizontal bars on top of the histogram plot. Within each group, the TBOD can vary especially for A = Cu. Such variations are much smaller in other 7 groups. Thus we have the conclusion the groups with A= Cu group has the highest TBOD on average followed by the A = Zn and Ag, then Ge. The lowest average TBOD groups are A = Cd, Sn, and Sb in that order. The minor variations within each group is controlled by the chalcogenide B element S, Se and Te. The large variations in TBOD in the A = Cu group can be attributed to the large variations in their crystal volume. Thus we reach one important conclusion that the strength of binary chalcogenide crystals is dictated mostly by the element A and much less by the element B.
Partial charge
The partial charge (PC) distributions in chalcogenide crystals are important information related to charge transfer and interatomic bonding. The general accepted concept is that chalcogene elements (B) receive electrons from (A) elements or equivalently, A is electropositive and B is electronegative and they form strong covalent bonds with ionic characters. It turns out this picture is over simplified. With 25 chalcogenide crystals formed by 11 different elements, we are in position to analyze the PC distribution and charge transfer mechanism in much greater detail than in the study of just one or few crystals. In Fig. 4 (a) and 4 (b) , we plotted the calculated partial charge of A elements (Ag, As, Cu, Ge, Sb, Sn, Cd, Zn) and B elements (S, Se, Te) respectively. In general, A elements are electropositive and B elements are electronegative as expected and their values distribute over a wide range depending on the crystals they originate from. On average, the PC value for A elements increases from Ag to Cd, (except for the element Cu, which has much less PC), and they decrease (less negative) in B elements from S to Se to Te. The most astonishing observation to this general trend is that Cu from Cu2Te is actually electronegative with corresponding Te in this crystal electropositive (and to a much less extent, in Cu2Se crystal as well). This could be related to the very large size of the Te atom and they form the Cu-Te bond with reversed mode of charge transfer. Cd element loses more charge than the all other A elements, which is very unique property for Cd. We are not aware if this new discovery has been reported in any previous computational or experimental studies.
Optical properties
The optical properties of these 25 chalcogenide crystals are particularly important because of their many applications mentioned previously. They can be calculated relatively easily within the one-electron random phase approximation using the OLCAO method. The mathematical formulae involved are explained in Section 2 in SI. The calculated real and imaginary parts of the dielectric functions for these crystals are shown in Figs. Table 2 . As can be seen, each crystal has its unique absorption features, we can only selectively discuss some of them focusing on those crystals having large refractive indices, and those that deem to be particularly interesting.
(a-f), 6 (g-l), 7(m-r) and 8(s-y) refractive indices are listed in
which is close to our value of 6.01. For crystalline Cu2Te, we find an experimental study reporting n to be between 3.0 -6.0 [92] close to what we got (n = 5.470). It should be noted that our calculated optical band gap for Cu2Te is 0.0 eV which contributed to the large n similar to other chalcogenides just discussed. Finally, we present the calculated the energy loss functions (ELF) for all 25 crystals in Figs. S12, S13 and S14).
ELF represents the collective excitation of excited electrons at high frequency. It main peak is defined as the plasma frequency ωp which usually occurs at the frequency when the real part of dielectric function vanishes (ε1 (ωp) = 0). Below ωp, the incident waves will be mostly reflected. Above ωp, the material behave like a plasma, or the excited electrons are nearly free electrons. Table 2 shows the highest ωp among the 25 crystals occurs is in Cu4GeS4 (20.19 eV), while the lowest ωp is in SnSe at 14.99 eV.
Mechanical properties
Mechanical properties for chalcogenide crystals are much less studied compared to optical properties. We have calculated the mechanical properties of 25 chalcogenide crystals using the method described in Section 3 in SI. The calculated elastic constants are listed in Table S1 which provide a wealth of information about the stability, stiffness, brittleness, ductility, and anisotropy of these crystals [94] . The principal coefficients C11, C22, and C33 reflects the isotropic elasticity of the crystals and they are very close. C11, C22, and C33 are related to the unidirectional compression along the principle x-, y-, z-directions [42] . Equivalently, we say C11, C22, and C33 reflect the resistance of the crystal to the deformation along x, y, and z directions. Table S1 shows that C33 is higher than C11 and C22 in some monoclinic crystals such as Ag2S, Ag2Se, As2S3, As2Se3, As4Se4, Cu2Se, and Cu2SnSe3 which implies that in these crystals, they are more compressible along x-and y-axes than along z-axis. C22 is higher than C11 and C33 in monoclinic crystals (Ag2Te, As2Te3, Cu2S, GeS2, GeSe2, Cu4SnS4) and also in orthorhombic crystals (Ge4Se9, Sb2S3, Sb2Se3, and SnS). So these crystals are more compressible along x-and z-axes than along y-axis. C11 is higher than both C22 and C33 in monoclinic Cu2SnS3 and Cu2Te, trigonal Sb2Te3, orthorhombic SnSe. Accordingly, these crystals are more compressible along y-and z-axes than along x-axis. For CdSe, CdTe, ZnSe, and ZnTe crystals, C11 = C22 = C33 since the cubic crystals are isotropic. In Fig. 9 , we plotted G versus K for the 25 data points with different symbols and shapes for each crystal. The slope in this figure represents the Pugh moduli ratio G/K. As can be seen, the data can be classified into three Table 3 ). In Fig. 10 , we plot the distribution of the Poisson's ratio η of 25 crystals. Since Poisson's ratio is closely correlated with the inverse of Pugh modulus ratio, it provides another collaborative evidence to the data presented in Fig. 9 . Among the 8 groups according the "A" elements in binary chalcogenides, noble metal Ag and Cu have high Poisson's ration and roughly similar brittleness. The remaining 6 groups with A = As, Ge, Sb, Sn, Cd, and Zn have lower Poisson's ratio and are similar in their ductility. The variations within each group depends on the B elements. Thus one of the major conclusions on the mechanical properties is that chalcogenides with noble elements Ag and Cu tends to be more brittle and those with As, Ge, Sb, Sn, Cd, Zn are tend to be ductile.
Fig.10. distribution of the calculated Poisson's ratio for the 25 crystals.
We now try to establish the correlation of the calculated mechanical parameters with the TBOD. In Figs. S15, S16, and S17, we plot the Young's modulus, bulk modulus, and shear modulus versus TBOD for the 25 crystals.
It is obvious that all three moduli (E, K, G) varies with TBOD. Moreover, the correlation for the 25 crystals can be roughly divided into 2 groups. For group 1 crystals (As2S3, As2Se3, As2Te3, Sb2S3, Sb2Se3, Sb2Te3, SnS, SnSe, CdSe, CdTe), the E, K, G have similar values of TBOD whereas in group 2 crystals (crystals other than group 1), they steadily increase with TBOD, while ZnSe, ZnTe crystals have the highest E among these 25 crystals. This clearly signals the new insights obtained about the mechanical properties of these 25 chalcogenide crystals. To dig into more details on the correlations between mechanical parameters and the TBOD for the 25 crystals, we plot in Figs. S18, S19, and S20 the E, K, G for 25 crystals into 8 groups in histograms similar to has the highest Young's modulus. We also notice a general feature that Cu-and Ag-related chalcogenides crystals (Ag2S, Ag2Se, Ag2Te, Cu2S, Cu2Se, Cu2Te, Cu4GeS4, Cu2SnS3, and Cu2SnSe3) show the higher modulus values than the other crystals.
Conclusions
Based on the extensive DFT calculation of the electronic structure, interatomic bonding, optical and mechanical properties of the 25 chalcogenide crystals with some of them for the first time, we are able to reveal several new findings and hidden correlations on their properties. We succinctly summarize below the new insights obtained and the conclusions reached in this comprehensive study using the same method and approach, and therefore tend to be more consistent.
(1) Most of these crystals are semiconductors with small band gaps and few are semimetals. The results for the Cu4GeS4 and Ge4Se9 crystals are reported for the first time.
(2) Some of these crystals have very small energy gaps, about 0.015 -0.299 eV. These include Cu2SnSe3, Ag2Se, Cu2S, Cu4GeS4, Cu2SnS3, Sb2Te3, SnS, and SnSe. (4) We also find that the partial charge for Cu from Cu2Te is actually electronegative with corresponding Te electropositive. This new finding has not been reported previously.
(5) The optical spectra for all 25 crystals are calculated within the random phase approximations and analyzed in detail. They have relatively high refractive index n with some as high as from 5.01 -7.07. This is attributed to the small band gaps with peaks in the real and imaginary dielectric functions at very low energy.
(6) The mechanical properties for these 25 crystals show the difference between those with noble metals (Ag, Zn, Cu) and those with (As, Ge, Sb, Sn, and Cd) as the "A" element in the 6 groups. The former is brittle whereas the later is more ductile. They are reasonably correlated with the TBOD thus providing us a new insight never disclosed before.
These results and correlations can help to identify new chalcogenide crystals and glasses for potential new applications especially in optoelectronics. They constitute a reasonable size of the database for chalcogenide crystals. Moreover, the single quantum mechanical metric TBOD and its partial components (PBOD) could be the key descriptors in machine learning protocol for the broader scale design when a big database is available.
Such advantage has already been demonstrated in some materials systems other than chalcogenide crystals.
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